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ABSTRACT 


The  emissions  from  biacetyl  at  5-10  Ttorr  were  studied  follow- 


ing multiphoton  C02  laser  vibrational  excitation  of  the  triplet 

electronic  state.  Biacetyl  molecules  are  prepared  in  the  3AU 

metastable  state  by  intersystem  crossing  from  the  1AU  electronic  state 

0 

which  is  excited  by  irradiation  with  the  4579  A line  of  a c.w.  argon 
ion  laser.  An  intense  C02  laser  pulse  excites  the  system  vibrationally. 
Changes  in  the  luminescence  characteristics  of  the  electronically 


excited  molecules  induced  by  the  infrared  laser  pulse  are  studied  in 


two  spectral  regions.  In  the  spectral  region  characteristic  of  the 


3.  J. 


A^+  Ag  phosphorescence  a decay  which  is  fast  ccnpared  to  the  normal 


phosphorescence  is  observed.  In  the  spectral  region  characteristic  of 


1.  .1, 


the  Au->  Ag  fluorescence  a burst  of  delayed  fluorescence  is  observed. 

This  fluorescence  signal  is  characterized  by  a fast  rise  tine  and  the  same 


decay  time  as  the  phosphorescence  emission.  Attenuation  of  the  C02 


laser  pulse  results  in  an  increase  in  the  decay  times  and  a decrease 


in  the  amplitude  of  the  fluorescence  signal.  The  experimental  observations 


are  explained  in  terms  of  a recently  proposed  theory  of  delayed  molecular 


fluorescence  which  is  based  on  the  mixing  of  singlet  and  triplet  zero- 
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I.  INTRODUCTION 

^Ihe  excited  electronic  states  of  biacetyl  (CH^COCOCH^) 

have  engaged  the  attention  of  many  researchers  over  the  past  forty 

years.  Interest  has  centered  primarily  on  the  lowest  excited 

singlet  state  and  the  nearby  triplet  state  lying  slightly  lower  in 

energy.  Early  work  involving  biacetyl  concentrated  on  the  lifetime, 

yield,  and  quenching  rates  associated  with  the  phosphorescence  from 

-j—2 — -j 

triplet  state  molecules  both  in  solution  ' and  in  the  vapor  phase. 

Subsequent  interest  in  biacetyl  was  related  to  its  use  as  a gas 

phase  emission  standard  and  as  a triplet  energy  acceptor  in  the 

study  of  triplet  molecule  participation  in  the  photochemistry  of 

other  molecules.^  The  literature  on  these  aspects  of  the  study  of 

biacetyl  has  been  extensively  reviewed.^  More  recent  work  involving 

biacetyl  has  used  the  behavior  of  this  molecule  to  test  theories  of 

'radiationless  transitions*  .^Parmenter  and  Poland^  observed  that 

intersystem  crossing  from  the  lowest  excited  singlet  state  to  the 

nearby  triplet  state  was  independent  of  pressure,  and  thus,  evidently 

7 . . 

occurred  in  the  isolated  molecule.  Calvert  and  co-workers  verified 
this  behavior,  measured  the  lifetime  of  the  triplet  state,  and 
determined  quenching  rates  with  a variety  of  collision  partners. 
McClelland  and  Yardley  measured  lifetimes  of  the  short-lived 
fluorescence  from  the  lowest  excited  singlet  state  as  a function  of 
excitation  wavelength  and  also,  were  able  to  estimate  amounts  of 
excess  vibrational  energy  removed  by  collisions  with  cold  biacetyl 
molecules  (=730  cm  ^"/collision)  and  with  argon  (=90  cm  /collision) . 
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Moss  and  Yardley  studied  the  phosphorescence  decay  as  a function 

of  excitation  wavelength  and  added  gas  pressure,  and  saw  set  re 

evidence  for  reverse  intersystem  crossing,  but  interpreted  it 

as  loss  to  the  electronic  ground  state.  Kommandeur  and  co-workers^  ^ 

have  carried  out  an  extensive  series  of  experiments  involving 

optical  excitation  to  selected  vibronic  levels  of  isolated  biacetyl 

molecules.  This  work  will  be  referred  to  in  greater  detail  later. 

13 

Recently,  Wampler  and  Oldenborg  have  remeasured  the  phosphorescence  life- 
time (1.7  ±0.1  msec)  and  determined  quenching  parameters  for 
several  additional  collision  partners. 

Of  particular  interest  in  the  photophysics  of  biacetyl  is 

the  efficient  intersystem  crossing  process  in  which  seme  of  the 

molecules  initially  excited  to  the  ^A  state  become  trapped  in  the 
3 

metastable  state.  The  nature  of  this  radiationless  process 

has  not  been  clearly  understood  until  recently.  Initial  studies 

reported  a collision  independent  singlet  -*■  triplet  process  with  a 

rate  corresponding  to  kgT  = 7.6  x 10 7 sec  ,°  This  high  rate 

could  not  be  explained  in  terms  of  the  density  of  triplet  vibronic 

14 

states,  as  required  by  the  theory  of  radiationless  transitions. 

12 

A recent  work  by  ’Tan  der  Werf  et  al.  has  helped  to  solve  this 
dilemma.  In  this  work  the  authors  report  having  carried  out  time- 
resolved  fluorescence  measurements  on  biacetyl  excited  to  various 
vibronic  levels.  At  very  low  pressures  (a  few  mTbrr)  the  fluorescence 
emission  consisted  of  two  components,  each  having  the  same  spectral 
composition.  In  addition  to  the  known  nanosecond  fluorescence, 
a long-lived  (several  nsec)  emission  was  observed.  This  slow 


10 


fluorescence  component,  termed  delayed  fluorescence,  was  accompanied 
by  an  emission  with  the  same  lifetime  in  the  spectral  region  of  the 
triplet  phosphorescence.  Ihe  delayed  fluorescence  was  found  to  be 
very  sensitive  to  pressure  and  its  lifetime  was  found  to  decrease 
with  increasing  vibrational  excitation  of  the  singlet  state.  Hois 
delayed  fluorescence  and  the  accompanying  emission  in  the  phos- 
phorescence spectral  region,  observed  from  an  isolated  biacetyl 
molecule,  has  been  interpreted  as  the  decay  from  a vibronic  level 
which  has  mixed  singlet  and  triplet  character-  Ihe  mixing  arises 
due  to  the  breakdown  of  the  Bom-Oppenhe imer  approximation.  While 
the  density  of  triplet  vibronic  levels  is  not  high  enough  to 
provide  a dissipative  mechanism  for  an  irreversible  singlet  -*  triplet 
process,  it  is  high  enough  so  that  the  real  single  vibronic  level 
wave  function  should  be  described  as  a linear  combination  of  the 
zero-order  singlet  and  isoenergetic  triplet  wave  functions . The 

width  (inverse  lifetime)  of  this  vibronic  level  can  be  calculated 

12  15 

from  the  widths  of  the  zero-order  singlet  and  triplet  levels.  ' 

Since  the  singlet  character  is  diluted  in  the  real  description  of 

the  molecule,  the  lifetime  of  the  vibronic  levels  is  longer  than 

expected  when  viewed  as  a "singlet",  and  shorter  when  viewed  as  a 

12 

"triplet".  In  their  work  van  der  Vferf  et  al.  have  been  able  to 

measure  the  lifetimes  of  these  vibronic  levels  in  the  isolated 

molecule  as  a function  of  excess  vibrational  energy  above  the 

15 

singlet  origin.  In  another  paper  by  ''hn  der  Werf  et  al,  the  authors 
suggest  a theory  of  delayed  molecular  fluorescence  for  molecules  in  a 
high  pressure  gas  phase.  In  our  work  both  the  data  collected  on 
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isolated  biacetyl  molecules,  and  the  theory  pertaining  to  molecules 
in  a high-pressure  gas  phase  will  be  utilized. 

An  orientation  to  the  relevant  energy  levels  in  biacetyl 

may  be  found  in  Fig.  1.  The  ^•Au  and  3AU  origins  are  well  known  in  the 

low  temperature  solid  phase,  and  are  22873  and  20421  cm-1,  respec- 
16  17 

tively.  ' Their  location  in  the  isolated  molecule  (vapor-phase 

spectra)  is  not  as  well  established.  In  our  work  the  values  suggested 

by  Koimandeur  and  co-workers^ ' were  used.  These  are, 

voo(1au>  = 22300  cm"1*  voo(3Au>  = 20100  cm-1,  with  EgT  = - 

voo  (3Au)  = 2200  cm  . It  has  been  found  that  absorption  of  light  in 

the  460-360  nm  region  can  excite  both  ('*'AU)  fluorescence  and  (3AU) 

8 12  o 

phosphorescence . ' The  4575  A line  which  was  used  to  excite 

biacetyl  in  this  work  lies  about  -460  cm-1  to  the  red  of  the  origin 

and  must  excite  a hot-band  transition,  as  is  shewn  in  Fig.  1.  The 

vibrational  normal  nodes  of  biacetyl  have  been  analyzed  by  Sidman 
19  20 

and  McClure  and  Durig  et  al.,  among  others.  Of  interest  to 
us  in  this  work  is  the  medium  intensity  band  at  945-955  cm-'*',  which  can 
be  pumped  by  the  P(20)  line  [10.6  um  band]  of  the  CO2  laser.  This 
is  assigned  as  an  antisynmetric  CH^  rocking  mode  of  bu  symmetry. 

The  normal  mode  frequencies  of  biacetyl  will  also  be  required  later 
in  calculating  densities  of  vibrational  states. 

The  absorption  of  CO2  laser  lines  by  biacetyl  has  been 
exploited  in  several  "double  resonance"  experiments.  In  these 
experiments  a CO2  laser  was  used  to  pump  vibrational  transitions 


FIGURE  1 — Electronic  and  vibrational  energy  levels  of 


biacetyl  relevant  to  this  vrork.  The  assign- 
ments of  several  CH^  vibrational  modes  are 
indicated,  after  ref.  20. 
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21 

absorption  between  510  and  435  run  or  in  luminescence  excited  by  a 

22 

He-Cd  laser  at  441.6  nm.  in  the  latter  work,  both  a diminution  in 
phosphorescence  intensity  and  an  increase  in  fluorescence  intensity 
were  observed.  The  former  effect  was  attributed  to  bleaching  of 
the  ground  absorbing  state,  and  the  latter  to  correspondingly 
enhanced  hot-band  absorption. 

The  aim  of  this  work  is  to  use  the  infrared  laser  excitation 
process  to  prepare  biacetyl  molecules  in  high  vibrational  levels  of  the 
triplet  state  and  to  compare  the  measured  lifetimes  with  those 
observed  previously  (van  der  Vferf  et  aL  ) by  direct  optical  excita- 
tion to  singlet  vibronic  levels.  The  recently  proposed  theory  of 

delayed  molecular  fluorescence^^  provides  a link  between  the  experi- 

12 

ments  of  van  der  Werf  et  aL  carried  out  on  isolated  molecules, 
and  our  experiments  carried  out  at  higher  pressures.  In  our  experi- 
ments triplet  biacetyl  molecules  are  obtained  by  irradiating  the 

o 

vapor  with  the  4579  A argon  ion  laser  line  and  subsequent 
vibrational  excitation  is  brought  about  by  an  intense  CC^  laser 
pulse.  The  changes  in  luminescence  induced  by  the  CC^  laser  pulse 
as  well  as  the  energy  deposited  into  the  hi acetyl  molecules  by  the 
pulse  are  then  measured.  Chapter  II  contains  a summary  of  the 
theoretical  framework  which  was  used  in  the  design  of  this  experiment 
and  in  the  interpretation  of  the  results.  Chapter  III  describes 
the  experimental  apparatus  and  procedures.  Chapter  IV  discusses 
our  experimental  results.  Finally  Chapter  V presents  seme  conclusions 
which  can  be  drawn  from  this  work. 


tj 
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II.  THEORY 

A.  Introduction 

This  chapter  presents  a summary  of  the  theoretical 
framework  necessary  both  in  the  design  of  our  experiment  and  in  the 
interpretation  of  our  results.  Part  B describes  the  photophysies  of 
biacetyl  as  it  applies  to  an  isolated  molecule.  Part  C considers 
molecules  in  a high  pressure  gas  phase.  Hie  theory  presented  here 
is  derived  mainly  fran  references  12,  14,  15,  23,  24,  and  25,  which 
should  be  consulted  for  further  details. 

B.  Hie  Isolated  Molecule 

Hie  modem  theory  of  intramolecular  electronic 
coupling  and  relaxation  processes14,24  considers  the  scrambling  of 
zero-order  vibronic  levels  corresponding  to  different  electronic 
configurations.  Hiis  level  mixing  originates  fran  the  breakdown 
of  the  Born-Oppenheimer  approximation  or  frcxn  spin-orbit  coupling. 

Hie  resulting  mixed  states  are  active  in  absorption  and  emission. 

In  its  simplest  form  the  theory  considers  a manifold 

of  electronically  excited  states,  <f^,  carrying  oscillator  strength 

to  the  electronic  ground  state,  <p  . Hie  manifold  of  states,  <j>  , is 

u s 

coupled  to  a background  manifold,  <f>  , with  a coupling  strength  V ., 
which  for  simplicity  we  will  say  is  independent  of  l.  In  an  isolated 
molecule  the  time  evolution  of  an  excited  vibronic  level,  4,  is 
essentially  determined  by  the  widths,  of  the  zero-order  background 
levels  relative  to  their  spacings,  p ^ , and  the  energetic  width,  &gjl. 


l 
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of  the  distribution  of  the  effectively  coupled  levels  relative  to  the 

15 

spectral  width,  AE,  of  the  exciting  light.  Two  limiting 

situations  arise,  the  "small  molecule"  limit  and  the  "statistical" 

24  25 

or  "large  molecule"  limit.  ' The  "small  molecule"  limit  (y^p^  <1, 
AgJJ>  AE)  is  characterized  by  observed  fluorescence  lifetimes  longer 
than  those  which  would  be  expected  from  the  integrated  absorption 
intensity.  This  lifetime  lengthening  is  caused  by  a "dilution"  of 
the  oscillator  strength  carried  by  the  4>g  level  to  <f>Q.  The  "large 
molecule"  limit  (y^P^  >1,  As&  <AE)  is  characterized  by  fluorescence 
lifetimes  shorter  than  those  which  would  be  expected  from  integrated 
absorption  intensity.  This  shortening  of  the  fluorescence  lifetime 
is  due  to  competition  between  radiative  decay  of  the  <f>s  state  and  ir- 
reversible radiationless  transitions  to  the  manifold  of  <l>&  states. 

Biacetyl,  which  is  the  subject  of  this  study,  has  been  shown 

to  exhibit  both  "small  molecule"  and  "large  molecule"  behavior. 

Accordingly,  it  has  been  classified  as  an  "intermediate  case" 

12 

molecule.  Biacetyl's  photophysical  behavior  is  typical  of 
molecules  containing  a small  energy  gap  (v^  (^Aj-v^  (^Au)=  2200  cm  "S . 
The  interaction  of  a *A  vibronic  level  with  isoenergetic  triplet  levels 
is  strong  Vgp  >D • However,  the  density  of  triplet  levels  is  too 
small  to  provide  a facile  radiationless  singlet  -*■  triplet  transition. 
The  ground  singlet  state,  ^A  , is  only  weakly  coupled  to  both  the  “*7^ 
and  the  states,  but  the  density  of  ground  state  vibronic  levels 
is  sufficiently  high  to  provide  a dissipative  continuum  for  the 

decay  from  singlet  or  triplet  levels. 

4 

t 


To  treat  the  dynamics  of  an  excited  vibronic  level  of 


biacetyl  we  used  the  formalism  of  the  "effective  Hamiltonian", 
Heff. 23-27  Heff  is  given  by, 

Heff  - ««  - W2  (1) 


where  Hm  is  the  molecular  interaction  Hamiltonian  of  the  strongly 
coupled  singlet,  |S>,  and  triplet,  |t>,  vibronic  levels.  Its  diagonal 
elements  are  the  energies,  eg,  eT,  eT,,  ...,  of  the  singlet  and 
quasidegenerate  triplet  levels,  respectively.  Its  nandiagonal  elements 
are  VgT  = <S|v|T>.  The  damping  term,  -iy/2,  provides  the  coupling  of 
the  strongly  coupled  subspace,  with  other  continuous  or  quasi- 
ccntinuous  media  such  as  the  radiation  field  or  the  electronic  ground 
state,  y is  a matrix  whose  diagonal  elements,  Yg,  yt»  Yt-/  are  the 
widths  of  the  zero  order  coupled  vibronic  levels.  Thus,  the  effective 
Hamiltonian  can  be  written  as 


18 


T 

where  the  parameters  c»n  and  8n  depend  on  the  triplet  level  spacings, 

the  zero-order  triplet  decay  widths,  yt,  and  the  coupling  terms,  VgT. 

A complete  discussion  of  these  parameters  is  contained  in 
. 23 

Lahmani,  et  al.  and  will  not  be  included  here. 

The  time  evolution  of  an  isolated,  excited  biacetyl  molecule 
depends  on  its  preparation.  We  will  consider  the  idealized  case 
when  the  biacetyl  singlet  state  is  excited  by  a short  pulse  of 
radiation,  such  that  the  pulse  is  shorter  than  any  subsequent 
evolution  time  of  the  molecule.  Such  a pulse  prepares  a superposition 
of  quasistationary  states  which  is  identical  to  the  nonstationary 
state  | S>  s 

|<f>(0)>  = l an|S>  = |S>  = E An|n>  (4) 

n n 

The  operation  t on  an  initial  state  vector  | y (0) > results 

in  the  time  evolution  of  the  projection  of  |y(t)>  on  the  subspace 
of  strongly  coupled  states.  Thus,  the  state  vector  at  subsequent 
times  is. 


| y (t)  > = l A_  |n>  e"1^1  = EA  e"Yn  ^ 2 (5) 

n n n 
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Lahmam,  et  al.  has  shown  that  the  resulting  decay  can  be  expressed 
as  the  sum  of  a coherent  and  an  incoherent  contribution.  The 
coherent  decay  is  very  rapid  and  represents  the  interference 
between  the  quasistationary  states.  Because  of  the  sudden  excitation 
all  of  the  initial  phases  are  equal.  The  resulting  constructive 
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interference  will  persist  for  about  a tine  A “1,  where  A 

ST  ST 

is  the  spread  in  frequency  of  the  decaying  |n>  levels.12 
Hie  incoherent  contribution  is  slower  than  the  coherent,  and 
represents  the  superposition  of  slew  exponential  decays  arising  from 
the  various  |n>  states,  each  with  its  cwn  decay  width  y 

n 

Hie  average  decay  characteristics  of  the  short  (coherent) 

and  long  (incoherent)  components  have  been  discussed  in  detail  by 
. 23 

Lahmam,  et  al.  They  depend  on  such  parameters  as  the  triplet 
level  spacing,  the  coupling  strengths,  and  the  zero-order  triplet 
widths.  Yip*  In  general  the  short  component  is  approximately 
exponential  and  the  long  component  is  nonexponential . As  stated 
in  Chapter  I,  Van  der  Werf,  et  al.12  have  observed  this  two -component 
fluorescence  decay  in  biacetyl,  as  well  as  the  nonexponentia 1 
character  of  the  slow  component. 

12 

Van  der  Werf,  et  al.  have  shown  that  the  fluorescence 
decay  of  biacetyl  can  be  well  approximated  in  terms  of  a biexponential. 
Hus  approximation  assumes  that  the  triplet  levels  are  evenly  spaced, 
they  have  equal  decay  widths,  all  coupling  terms  are  the  sane, 
and  the  singlet  oscillator  strength  is  evenly  distributed  over  the 
quasistationary  states.  Using  this  biexponential  approximation,  the 
average  widths  of  the  slow  component  of  the  fluorescence  decay,  y (E) , 
which  we  will  be  concerned  with  from  this  point  on,  can  be  expressed 
in  terms  of  the  zero  order  triplet  levels  characterized  by  the 
density  of  states,  pt(E),  and  the  zero-order  singlet  levels 
characterized  by  the  density  of  states,  pg(E)  = E6(E-Eg).15 


In 
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this  treatment  all  energies  are  measured  from  the  triplet  origin. 


Furthermore,  since  pc(E)  « p_,(E)  it  is  assumed  that  p (E)  s p„(E) . 

b i n i 


Three  physical  situations  are  of  interest.  The  first,  range  A, 
spans  the  energy  region  E^  <E  <Ea,  where  the  singlet  density  of 
states  is  lew  enough  such  that  the  zero-order  decay  widths,  ys,  do  not 
overlap.  Each  |s>  state  acts  independently  with  regard  to  inter- 
state coupling,  while  off  resonance  intrastate  coupling  between 
different  |s>  states  is  negligible.  In  this  range  the  |n>  level 
structure  consists  of  regions  of  mixed  states,  |n>,  separated  by 
"black  holes"  containing  pure  triplet,  |t>,  states.  The  average  decay 
widths  can  be  expressed  in  the  form. 


VEn>  * VEn>  + !9<VV  cT(eS>  (6> 


where  the  singlet  distribution  function  is  taken  in  the  sinple  form 


e(En  - V -1,  - %4gr  <(En-Es)  ^ 


(7) 


=0,  otherwise 


is  the  radiationless  width  which  characterizes  the  interstate 


mixing  and  is  given  by, 


ast  2it  IvstI  pt® 


(8) 


where  is  the  absolute  value  of  the  coupling  strength  between  the 
zero-order  singlet  and  triplet  levels.  The  second  term  in  equation  (6) 


accounts  for  the  dilution  of  the  singlet  character  in  the  mixed 
state.  The  second  situation  of  interest,  range  B,  spans  the 
energy  range  E>Ea  where  due  to  the  high  density  of  states  interfer- 
ence between  close  lying  |s>  states  is  important.  In  this  region  the 
average  decay  widths  of  the  |n>  levels  can  be  expressed  by 

Y„(B  = YT<y  + YS(E„)  Ps(En)/PT(En)  (9) 


Hie  last  situation  of  interest,  range  C,  spans  the  region 
Bjfe  < E < E^,  which  can  only  be  populated  by  collisions  (and 
is  absent  in  the  isolated  molecule) . In  this  region  the  independently 
decaying  levels  correspond  to  the  zero-order  triplet  levels  with 
decay  widths  yt*  Figure  2 shows  a schematic  diagram  of  the 
mixed  singlet-triplet  states.  It  should  be  enphasized  that  the 
dominant  contribution  to  the  widths  Yn(E)  is  nonradiative,  i.e.  the 
luminescence  yield  is  much  less  than  unity  over  the  entire  energy 
range 


12 

Van  der  Werf,  et  al.  have  measured  the  decay  widths 

y (E)  of  the  isolated  molecule.  An  empirical  relation  based  on 
'n 

15 


their 


results  has  been  suggested. 


FIGURE  2 — Schematic  level  scheme  for  mixed  singlet-triplet 
states,  (after  ref.  15) . Range  A consists  of 
mixed  states,  |n>,  separated  by  "black  holes" 
containing  pure  triplet  states,  |T>  . Range  B 
consists  only  of  mixed  states,  and  Range  C 
contains  pure,  zero  -order  triplet  states,  |T>. 


Mixed  |n>,  States 
(overlap) 


Mixed,  |n>.  States 


Pure,  |T>,  States 


Mixed,  |n>.  States 


Pure,  |T>,  States 
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Yn(E)  = A BE  + C (10) 

where  A = 300  sec  \ B = 1.26  x 10~~*  (an  and  C = yTra<^  = 82  sec  \ 
These  results  will  be  used  to  predict  the  decay  frcm  biacetyl 
molecules  in  the  high  pressure  gas  phase. 

Since,  in  the  case  of  biacetyl,  both  singlet  and  triplet 
zero-order  states  carry  oscillator  strength  to  the  ground  state, 
the  decay  frcm  a quasistationary  state,  |n>,  should  also  carry 
oscillator  strength  in  both  the  fluorescence  and  phosphorescence 
spectral  regions.  Furthermore,  the  decay  of  a single  vibronic  level 
|n>  should  yield  the  same  value,  Yn(E),  in  both  spectral  regions. 

The  terms  "fluorescence"  and  "phosphorescence"  new  carry  a 

spectral  definition,  instead  of  being  associated  with  a characteristic 

. . . 12 
emission  lifetime.  As  previously  mentioned,  van  der  Werf , et  al. 

have  observed  this  vibronic  level  decay  in  both  spectral  regions 

following  excitation  of  the  singlet  electronic  manifold.  Similarly, 

emission  in  both  the  fluorescence  and  phosphorescence  spectral 

regions  is  expected  to  occur,  when  vibrational  excitation  is  in  the 

triplet  electronic  manifold. 

C.  Molecules  in  a High  Pressure  Gas  Phase 

Having  discussed  the  preparation  and  decay  of  an  isolated, 

excited  biacetyl  molecule,  we  new  turn  to  the  case  of  biacetyl  in  a 

high  pressure  gas  phase.  In  this  treatment  two  assumptions  concern- 

15 

mg  the  molecule-medium  interaction  are  required.  First,  it  must  be 
assumed  that  thermal  vibrational  relaxation  and  excitation  rates 
considerably  exceed  all  of  the  relevant  intramolecular  decay  rates. 
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Second,  the  widths  of  the  resonances  are  considerably  lower  than  the 
thermal  energy,  3 in  the  temperature  range  of  interest,  (3yn<<l)* 

This  implies  a uniform  thermal  distribution  with  each  resonance. 

Under  conditions  in  which  a thermal  distribution  is 
established  within  an  excited  vibronic  manifold,  the  number  of 
excited  molecules  at  a particular  energy,  n(E) , is  given  by, 

n(E)  = Z-1  N e-3E  Pn(E) 

where  (E)  = pt(E)  is  the  vibrational  density  of  states, 

f°°  -02 

Z = dE  p (E)  e is  the  vibrational  partition  function,  and  N 
Jo  n 

is  the  total  number  density  of  electronically  excited  molecules 
N =Jji(E)  3E  (12) 

As  established  in  the  previous  section,  each  vibronic  level  decays  with 


rate,  <y>,  can  be  expressed  in  terms  of  the  thermally  averaged  decay 
rates  Yn(E) Equation  (15)  provides  a quantum  mechanical  result 
for  the  experimental  lifetime,  t , (<y>  = 1/Tp)  for  the  decay  of 
vibronically  excited  molecules  both  in  the  fluorescence  and 
phosphorescence  spectral  regions. 

15 

Van  der  Werf  et  al.  have  shewn  that  the  ratio  of 
the  fluorescence  yield  to  the  phosphorescence  yield  depends  upon 
the  level  of  excitation  in  the  singlet  (or  triplet)  manifold. 

Adopting  the  procedure  developed  by  these  authors  for  the  calculation 
of  radiative  decay  rates,  it  can  be  shewn  that  the  intensity  of  the 
delayed  fluorescence  mission,  1^,  is  related  to  3 according  to  the 
expression, 

— ftp 

_ 1 „ rad  ST 

Ic  = N y e (Id) 

r 3 s 

where  N is  the  number  of  vibronically  excited  molecules,  EgT  is  the 

ITclCl 

energy  separation  of  the  singlet  and  triplet  origins,  and  ys  is 
the  radiative  width  of  the  zero-order  singlet  vibronic  levels.  It  is 
assumed  that  y^ad  is  independent  of  the  vibrational  energy. 

In  surtmary,  this  theory  predicts  that  vibrational 
excitation  of  a previously  prepared,  thermal  system  of  triplet  state 
biacetyl  molecules  in  a high  pressure  gas  phase  will  result  in  the 
formation  of  excited  vibronic  levels  containing  both  singlet  and 
triplet  character.  Emission  frcm  these  mixed  levels  will  occur  in 
both  the  fluorescence  and  phosphorescence  spectral  regions  and  will 


2 


have  a decay  lifetime  determined 
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III.  EXPERIMENTAL 

A.  Introduction  • 

This  chapter  describes  the  experimental  apparatus  and 
procedures  which  were  used  in  this  study.  The  object  of  this  experi- 
ment  was  to  prepare  a system  of  biacetyl  molecules  in  the  Au  state 
using  optical  excitation  and  to  observe  the  emission  properties  of 
these  molecules  following  vibrational  excitation  induced  by  pulsed 
infrared  radiation.  Part  B describes  the  experimental  apparatus  used 
in  this  study.  Part  C describes  the  materials  used.  Parts  D and  E 
describe  the  luminescence  and  energy  deposition  measurement^  respec- 
tively. 


A schematic  diagram  of  the  apparatus  used  in  this  experi- 
ment is  shewn  in  Figure  3.  The  sample  cell  consisted  of  a pyrex  tube, 
22  irm  in  diameter  and  20  cm  in  length.  It  was  equipped  with  NaCl 
windows  at  each  end  and  a 90°  pyrex  viewing  window  located  at  the 
region  of  intersection  of  the  two  beams.  The  sample  was  admitted 
directly  from  a vacuum  system,  with  pressures  measured  on  a Wallace 
& Tieman  direct-reading  dial  gauge.  The  vacuum  system  was  capable 
of  achieving  pressures  as  low  as  5 mfttorr  between  runs. 

Optical  excitation  of  the  sample  was  provided  by  a CR6 

O 

Argon  ion  laser.  Input  power  was  approximately  150  mfW  at  4579  A.  The 
visible  beam  was  approximately  collimated  with  a beam  diameter  of  about 
2 mm  in  the  viewing  region.  Infrared  pulsed  excitation  was  provided  by 
a Tachisto  215G  TEA-KX^  laser  (P(20),  10.6  ym  branch) . This  laser  is 


FIGURE  3 — Schematic  diagram  of  experimental  apparatus. 

For  a detailed  explanation,  see  the  text. 
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nominally  capable  of  delivering  .5  J TEM^  per  pulse.  The  pulse 
consists  of  a 40  nsec  (FVJHM)  gain-switched  spike  followed  by  a 500  nsec 
tail,  with  about  two  thirds  of  the  energy  contained  in  the  spike.  Tte 
infrared  beam  was  brought  to  a soft  focus  in  the  center  of  the  viewing 
region  by  means  of  a variable  focal  length  telescope.  The  telescope 
consisted  of  two  AR-coated  Ge  lenses  (II-VI,  Inc.),  a plano-convex 
(fi  = 28.27  cm)  and  a plano-concave  (f£  = -28.27  cm).  The  tvo  beams 
were  counter-propagating  and  were  carefully  aligned  to  insure  maximum 
overlap  in  the  viewing  region. 

A ZnSe  beamsplitter  was  placed  between  the  telescope  and 
the  sample  cell  with  its  vertical  axis  perpendicular  to  the  direction 
of  propagation  of  the  infrared  beam.  This  beamsplitter  split  off 
about  5%  of  the  infrared  beam  which  was  detected  by  a Gen tec  ED“200 
pyroelectric  joulemeter.  Calibration  of  this  beamsplitter  permitted 
constant  monitoring  of  the  infrared  pulse  energy.  A second  beamsplitter 
made  of  BaF2  was  placed  after  the  sample  cell.  It  split  off  about  5% 
of  the  transmitted  infrared  beam  which  was  detected  by  a second  Gentec 
ED-200  joulemeter  The  BaF^  beamsplitter,  placed  with  its  horizontal 
axis  perpendicular  to  the  direction  of  propagation  of  the  infrared  beam, 
passed  the  visible  beam  (vertically  polarized)  with  little  attenuation, 
but  blocked  most  of  the  infrared  beam  (horizontally  polarized)  to 
prevent  dairage  to  the  glass  optics  by  the  infrared  pulses.  The  signals 
from  the  two  Gentec  joulemeters  were  displayed  on  a Tektronix  5403  dual- 
trace  oscilloscope. 

The  infrared  energy  reaching  the  sarrple  cell  was  controlled 
try  an  attenuation  cell  (not  shown  in  Figure  3)  placed  between  the  C02 
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laser  and  the  telescope . The  cell  consisted  of  a pyrex  tube,  22  mm  in 
diameter  and  8 csm  in  length,  with  NaCl  windows  mounted  at  Brewster's 
angle  on  each  end.  The  cell  was  filled  with  0-8  Torr  of  SFg  depending 
on  the  degree  of  attenuation  desired. 

For  reasons  which  will  be  described  in  Chapter  IV,  it  was 
necessary  to  fire  the  infrared  laser  at  a controlled  delay  following 
shut-off  of  the  visible  exciting  light.  This  was  accomplished  by 
focussing  the  Ar+  laser  beam  into  the  plane  of  a mechanical  chopper 
blade,  giving  a 5 nsec  cut-off  time.  A portion  of  the  beam  reflected 
from  a glass  lens  behind  the  chopper  was  refocussed  onto  a photo- 
transistor. The  drop  in  signal  when  the  visible  light  was  chopped 
off  triggered  a variable  delay  unit  (see  Appendix  1) , which  in  turn 
triggered  the  002  laser.  The  variable  delay  unit  was  capable  of  delays 
from  1.6  - 780  usee  in  two  ranges. 

Emission  from  the  interaction  region  was  detected  by  an 
FCA  1P28  photomultiplier . A combination  of  interference  filters  (Ditric 
Optics  Inc.  or  Optics  Technology  Inc.)  vere  used  to  isolate  various 
portions  of  the  spectrum.  A long  pass  filter,  passing  wavelengths 
greater  than  530  nm  was  used  to  view  the  "phosphorescence"  region. 

A 470  - 530  nm  bandpass  filter  in  combination  with  a 500  nm  cut-off 
short  pass  filter  allowed  viewing  of  the  "fluorescence"  region.  This 

O 

latter  filter  combination  passed  a snail  amount  of  scattered  4579  A 
light,  but  since  all  measurements  were  made  at  least  50  usee  following 
the  cut-off  of  the  visible  beam  by  the  chopper  this  posed  no  problems. 
This  filter  combination  also  passed  a small  amount  of  "phosphorescence" 
which  was  subtracted  out  when  analyzing  the  "fluorescence"  signals. 
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Hie  signals  from  the  photomultiplier  were  anplified  with  a wide  band 
(Tektronix  1121,  5Hz  - 17  MHz,  40db  gain)  anplifier,  and  recorded  on 
a Bicmation  820  transient  recorder.  A signal  from  the  C02  laser  was 
used  to  trigger  the  transient  recorder.  The  Biomation  820  was  inter- 
faced with  a PDP-8/L  oonputer  for  signal  averaging  or  processing. 
Averaged  signals  from  the  PDP-8/L  could  be  stored  on  paper  tape  for 
further  analysis  or  plotted  on  a Hewlett-Packard  2D-2A  X-Y  recorder. 

C,  Materials 

Biacetyl  was  purchased  from  Fluka  AG,  puriss.  grade, 
and  was  transferred  to  the  sample  cell  following  several  freeze-pump- 
thaw  distillations.  Argon  was  taken  from  a Matheson  Research  Grade 
lecture  bottle  (purity  99.9995%),  and  ethane  was  Matheson  chemically 
pure  grade  (99.5%,  less  than  10  ppm  02) . 

D.  Luminescence  Measurements 

Luminescence  experiments  were  carried  out  at  biacetyl 

pressures  of  5 and  10  torr  and  at  added  gas  pressures  of  0-100  torr. 

In  this  pressure  range,  all  emission  prior  to  the  arrival  of  the  C02 

laser  pulse  occurs  from  triplet  molecules  having  a thermal  vibrational 

distribution  with  a temperature  of  300°K.  Electronic  quenching  by 

biacetyl  itself  or  by  added  dilutents  such  as  argon  or  ethane  is 
6 7ct  8 

negligible.  ' ' At  these  pressures,  the  diffusion  length  of  the 
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me tas table  triplet  is  less  than  1 mm.  The  optical  absorption  co- 

o 

efficient  at  4579  A is  unsaturated  and  independent  of  pressure  under 

our  conditions."^  These  conditions  are,  of  course,  much  different 

- 1 0 
from  the  isolated  molecule  studies  of  \an  der  Werf  et  al. 


Hie  primary  focus  of  the  luminescence  studies  was  the 
measurement  of  the  amplitudes  and  decay  times  of  the  infrared  laser 
induced  emission  features  in  both  the  fluorescence  and  phosphorescence 
spectral  regions,  as  a function  of  infrared  pulse  energy.  These  measure- 
ments were  made  primarily  at  biacetyl  pressures  of  5 torr  with  some 
measurements  made  at  10  torr.  Additional  experiments,  more  qualitative 
in  nature,  were  trade  to  determine  the  effects  of  added  nonabsorbing 
diluent  gases  on  the  luminescence  features  of  biacetyl.  The  amplitude 
and  decay  times  of  the  biacetyl  luminescence  were  measured  from  photo- 
graphs of  the  Bicmation  820  display  screen,  or  directly  from  digital 
readouts  associated  with  this  instrument.  More  precise  measurements 
were  obtained  by  signal  averaging.  Luminescence  signals  resulting  from 

infrared  pulses  of  constant  energy  were  averaged  on  the  PDP-8/L  computer 
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and  the  results  were  fit  to  an  exponential  curve. 


E.  Energy  Deposition  Measurements 


In  order  to  interpret  the  results  of  the  luminescence 
measurements  for  this  system  it  was  necessary  to  know  the  mean  vibrational 
excitation  per  molecule,  i.e.  the  amount  of  infrared  energy  deposited  in 
the  sample.  Since  this  is  a function  of  both  incident  laser  fluence,  and 
pressure  of  biacetyl  and  diluent  (if  any)  this  had  to  be  determined 
over  the  entire  range  of  operating  conditions.  Energy  deposition  experi- 
ments were  carried  out  by  direct  transmission,  simultaneously  with  the 
luminescence  measurements.  This  was  acocmpl i shed  by  means  of  the  beam- 
splitters and  joulemeters  placed  before  and  after  the  sample  cell,  as 
previously  described. 


The  calibrated  beamsplitter  placed  before  the  sanple  cell 


provided  an  absolute  measurement  of  the  infrared  energy  per  pulse 
incident  to  the  sample  cell.  The  transmittance  (1-absorption)  of  the 
sanple  was  measured  as  the  ratio  of  the  transmitted  energy  to  the 
incident  energy  when  the  cell  contained  biacetyl  divided  by  the  same 
ratio  when  the  cell  was  empty.  The  infrared  beam  profile  was  determined 
with  a scanning  0.1  nm  pinhole  both  at  the  beam  waist  (viewing  region) 
and  10  cm  from  the  beam  waist.  The  beam  was  found  to  be  multimode  and 
the  distance  between  the  20%  intensity  points  was  defined  as  the 
effective  diameter  of  the  beam.  This  distance  was  3.1  nm. 

The  number  of  infrared  photons  absorbed  per  molecule  is 
thus  given  by, 

Ano 

<n>  = — (17) 

nr  p 

where  A is  the  measured  absorbance  per  cm,  nQ  is  the  total  incident 

7 

energy  per  pulse  [photons  = Joules  x (1  x 10  ergs/Joule)  x 

(5.0358  x 1015  ) x (944.2  • r is  the  effective  radius 

of  the  infrared  beam,  and  p is  the  number  density  of  biacetyl  molecules 
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per  cm  . Some  optoacoustic  measurements  were  also  made  , and  the  signal 

anplitude  for  a given  sample  pressure  was  found  to  be  linear  in  laser 

fluence. 


r’ 
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IV.  RESULTS  AND  DISCUSSION 
A.  Experimental  Results 

Hie  principal  effect  observed  in  these  experiments 

is  that  the  CC>2  laser  pulse  induces  a decrease  in  the  phosphorescence 

emission  (X  > 530  nm)  which  is  fast  canpared  to  the  normal  triplet 

decay  time.  At  the  sane  time,  a burst  of  "delayed  fluorescence" 

appears  in  the  470-500  nm  region.  Similar  results  were  previously 
22 

reported  by  Orr,  and  interpreted  as  double  resonance  effects. 

Figure  4 (top)  shows  the  signal  induced  by  the  CC^  laser  pulse  when 

the  system  is  exposed  simultaneously  to  both  the  infrared  and  the 

visible  laser  beams.  A fast  (ysec)  decrease  in  the  phosphorescence 

intensity  is  observed,  followed  by  a slew  recovery  of  the  anission 

22 

to  its  initial  steady  state  value.  This  signal  was  interpreted  as 
arising  frem  a depletion,  induced  by  C02  laser  pumping,  of  the 
lew-lying  vibrational  levels  of  the  ground  electronic  state  which 
are  coupled  to  the  visible  radiation.  As  a result,  the  excitation 
mechanism  is  suddenly  shut  off,  and  the  phosphorescence  intensity 
drops.  This  explanation  is  untenable,  however,  since  the  population 
in  the  phosphorescing  triplet  state  is  unable  to  respond  to  a sudden 
change  in  the  rate  of  feeding  into  that  state  in  a time  shorter  than 
its  characteristic  lifetime,  which  is  ~1.7  msec. 

An  alternative  interpretation,  adopted  by  us,  is 
that  the  observed  decay  times  are  the  result  of  vibrational 
excitation  of  triplet  biacetyl  molecules.  The  function  of  the 
visible  laser  beam  is  only  to  prepare  an  initial  population  of 


FIGURE  4 — Transient  emissions  frcm  biacetyl.  (Top;  2msec/div) 
Transient  phosphorescence  decrease  induced  by 

O 

CC>2  laser  pulse  during  cw  excitation  at  4579  A. 

In  this  and  the  following,  luminescence 

intensity  increases  downwards.  (Middle;  200  psec/div) . 

O 

Phosphorescence  decay  in  biacetyl  excited  at  4579  A 
(a)  Normal  decay  following  cut-off  of  excitation  at 
[1] ; (b)  rapid  decay  following  absorption  of  CC^ 
laser  pulse  at  [2] . (Bottom;  10  usec/cm)  Expanded 
view  of  transient  region,  (a)  Rapid  phosphorescence 
decay;  (b)  simultaneous  delayed  fluorescence  pulse. 


39 


biacetyl  molecules  on  the  metastable  triplet  state.  In  order  to 
support  this  interpretation,  the  C09  laser  was  fired  at  a controlled 
delay  after  the  mechanical  shut-off  of  the  visible  beam.  Figure  4 
(middle)  shews  the  unperturbed  phosphorescence  decay  curve  (a)  and  a 
decay  curve  suddenly  interrupted  by  a CC^  laser  pulse  (b) . The  fast 
decay  of  the  phosphorescence  is  induced  by  the  CC^  laser  irrespective 
of  the  presence  of  the  visible  beam.  Figure  4 (bottom)  shews  the 
phosphorescence  signal  (a)  on  an  extended  time  scale,  in  which  a 
decay  time  of  several  ysec  can  be  seen.  Trace  (b)  shows  the  induced 
fluorescence  signal.  It  is  characterized  by  a fast  rise  time,  and 
the  same  decay  time  as  the  corresponding  phosphorescence  signal.  The 
fact  that  the  delayed  fluorescence  signal  is  obtained  in  the  absence 
of  any  visible  exciting  light  excludes  the  possibility  that  this  is 
a normal  fluorescence  signal  originating  fran  optical  excitation  of 
vibrational ly  activated  biacetyl  molecules.  In  order  to  verify  that 
the  fluorescence  and  phosphorescence  signals  are  directly  connected 
to  the  biacetyl  triplet  population,  the  delay  between  the  cut-off  of 
the  optical  excitation  and  the  triggering  of  the  CC^  laser  was 
scanned  across  the  phosphorescence  lifetime.  As  shown  in  Figure  5, 
the  delayed  fluorescence  amplitude  is  linearly  proportional  to  the 
phosphorescence  intensity  retaining  just  prior  to  the  arrival  of 
the  infrared  pulse  (where  the  energy  per  infrared  pulse  was  held 
constant) . This  shows  that  it  is  the  triplet-state  molecules 
themselves  which  are  responsible  for  the  observed  transients.  Since 
the  electronically  unexcited  biacetyl  molecules  are  no  longer 
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FIGURE  5 


i 


— C02-laser-induced  delayed  fluorescence  amplitudes 
vs.  renaming  phosphorescence  intensity  at  the 
t , .ne  of  triggering  of  the  C02  laser.  The  point 
at  the  origin  corresponds  to  the  C02  laser  being 
firea  after  a delay  of  many  phosphorescence  life- 

O 

times,  or  in  the  absence  of  the  4579  A exciting 
radiation. 


FLUORESCENCE  AMPLITUDES 
VS.  PHOSPHORESCENCE  AM. 


PHOSPHORESCENCE  INTENSITY 
(500- 600  nm) 
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optically  coupled  to  the  emitting  states,  any  change  in  their 

vibrational  energy  distributions  should  have  no  direct  effect  on 

the  luminescence  intensities.  The  term  "delayed  fluorescence",  as 

31 

suggested  by  Parker,  accurately  describes  this  fluorescence  emission 
originating  from  triplet  states. 

Having  established  that  the  delayed  fluorescence  and 
phosphorescence  were  the  result  of  vibrational  excitation  of  the 
triplet  state  biacetyl  molecules,  the  decays  in  both  regions  were 
analyzed  and  found  to  be  approximately  exponential  over  two  lifetimes. 
The  lifetimes  reported  in  this  work  are  the  result  of  fitting  the 
observed  decays  to  an  exponential  curve  or  equivalently,  they 
represent  the  time  required  for  the  emission  intensity  to  fall  to  1/e 
times  its  initial  value. 

The  characteristic  features  of  these  observations  can 
be  summarized  as  follows: 

1.  The  decay  times  of  both  the  phosphorescence  and 
the  delayed  fluorescence  signals,  at  the  same  CO^  laser  fluence 
and  sample  pressure,  are  equal.  This  is  shown  qualitatively  in 
Figure  6 which  shows  the  phosphorescence  and  delayed  fluorescence 
decays  at  three  different  CC^  laser  fluences. 

2.  The  decay  times  become  longer  as  the  infrared 
fluence  diminishes.  This  is  also  shown  qualitatively  in  Figure  6. 
Figure  8 shows  the  decay  times  as  a function  of  the  average  number 
of  CC>2  laser  photons  absorbed  per  biacetyl  molecule . 

3.  The  amplitude  of  the  fluorescence  signal 


i 
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FIGURE  6 — Phosphorescence  and  fluorescence  decays  at 

various  C02  laser  f luenoes . In  each  panel  the 

luminescence  intensity  decreases  downwards. 

Hie  upper  scan  in  each  panel  shows  the 

phosphorescence  decay,  while  the  lower  scan 

shows  the  corresponding  fluorescence 

emission.  Hie  vertical  scales  are  not  necessarily 

the  sane  in  both  the  upper  and  lower  scans. 

(Top:  lOvisec/div)  4 . 64  CO,  laser  photons  absorbed 

^ —1 

pier  molecule  (<1>  = 944.2cm  );  (middle,  10ysec/div) 
3.73  CC>2  laser  photons  absorbed;  (bottom;  20visec/div) 
2.36  CC>2  laser  photons  absorbed. 
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diminishes  rapidly  with  attenuation  of  the  <X>2  laser  pulse.  Figure  9 
shews  the  relative  fluorescence  intensity  as  a function  of  the 
number  of  CC^  laser  photons  absorbed.  Points  (2)  and  (3)  are 
discussed  further  in  the  next  section. 

B.  Cctnparison  with  Theory 

In  this  experiment  a mixture  of  ground  and  metastable 
triplet  biacetyl  molecules  is  irradiated  with  the  CC^  laser.  We 
cannot  easily  determine  whether  the  triplet  states  are  directly 
excited  by  the  infrared  photons,  or  whether  vibrational  energy  is 
initially  deposited  in  electronically  unexcited  molecules.  At  the 
pressures  at  which  these  experiments  were  conducted,  however,  there 
should  be  rapid  V-V  equilibrium  between  the  two  electronic  states. 

. , , 17 

Since  the  vibrational  structures  of  both  states  are  very  similar, 
such  V-V  processes  should  be  facilitated. 

In  order  to  interpret  our  results  we  make  the  following 

assumptions : 

(a)  The  vibrational  distributions  of  the  ground  and 
triplet  electronic  states  are  equilibrated  in  a time  short  compared 
with  the  characteristic  decays  of  the  induced  fluorescence  and 
phosphorescence  signals. 

(b)  The  vibrational  distribution  is  characterized  by 

a temperature. 

(c)  The  translational  and  rotational  temperatures  of 
the  vibratianally  excited  biacetyl  molecules  equilibrate  rapidly 
with  the  vibrational  temperature.  This  rapid  relaxation  is 
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characteristic  of  polyatanic  molecules  with  severed  thousand  cm  ^ of 

32  33 

excess  vibrational  energy.  ' Furthermore,  the  lcw-frequency 
(45  cm-1)  torsional  mode  of  biacetyl  should  have  a very  short  V-R,  T 

A 

relaxation  time,  and  could  be  the  principal  channel  for  vibrational 
energy  transfer. 

Equations  (15)  and  (16)  of  Chapter  II  account 
quantitatively  for  changes  in  the  observed  decay  times  and 
fluorescence  amplitudes  induced  by  infrared  excitation.  The 
calculations  are  carried  out  in  four  steps: 

(1)  The  mean  molecular  energy,  <E> , following  the  CC^ 
laser  pulse  is  calculated  frcm  the  relation 


<E>  = <E>  + <n> 
o 


(18) 


where  <E>Q  is  the  mean  energy  per  biacetyl  molecule  at  the  initial 
temperature  (300°K)  prior  to  the  laser  pulse,  and  <n>  is  the  mean 
number  of  CC>2  photons  (1  photon  = 944.2  cm-1)  absorbed  per  biacetyl 
molecule  (as  determined  frcm  equation  (17) ) . 

(2)  The  average  molecular  energy,  <E>,  is  related  to 
the  inverse  temperature  parameter,  6,  through  the  expression, 


E p(E)  e“6E  dE  + 3b"1 


(19) 


Jo 

The  second  term  in  equation  (19)  accounts  for  the  translational  and 
rotational  energy  content,  with  the  classical  value  of  ^ being 
assigned  to  each  degree  of  freedom.  The  Haarhoff  expression  for 
the  vibrational  density  of  states  has  been  used  for  p(E) . The 
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normal  mode  frequencies  required  in  this  calculation  are  the  same  as 

12 

those  used  by  van  der  Werf  et  al.  (see  Appendix  B) . Since  the 
majority  of  the  molecules  absorbing  the  OC^  laser  radiation  are 
ground  state  singlet  molecules,  p(E)  should  be  the  density  of  states  for 
the  ground  electronic  state.  However,  based  on  the  normal  mode 

frequencies  available  to  us  there  is  no  major  difference  between  the 

1 3 

ground  state,  Ag,  and  the  excited  triplet  state,  Au,  densities  of 

states  (excluding  constant  terms) , so  the  same  values  are  used  for 

both.  The  integration  in  equation  (19)  was  done  numerically  on  the 
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PDP-8/L  computer  using  the  Extended  Simpson's  Rule.  Figure  7 shows 
a plot  of  the  inverse  temperature  parameter,  8,  as  a function  of  the 
mean  energy  content  per  molecule  or  the  number  of  OC^  photons 
absorbed. 

(3)  The  predicted  decay  times  of  the  phosphorescence  and 

fluorescence  are  calculated  as  a function  of  8 using  equation  (15) . 

The  empirical  relation  (10)  is  used  in  the  integration.  The  computed 

decay  times  are  represented  by  the  solid  curve  of  Figure  8 as  a 

function  of  8 or  <n>.  Qualitatively  the  changes  in  the  experimental 

decay  times  over  three  orders  of  magnitude  are  explained  by  this 

semiempirical  calculation.  Good  agreement  with  experiment  is  found 

for  laser  fluences  corresponding  to  excitation  up  to  <n>  =3.  At 

higher  CX^  laser  fluences  the  experimental  results  deviate  from  the 

simple  model  of  equation  (15) . This  is  treated  in  further  detail 

later.  The  deviation  of  the  solid  curve  from  the  filled  in 

3 -1  -1 

experimental  point  at  8 = 4.8x10  (an  ) is  most  likely  due  to  the 
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FIGURE  7 — Inverse  temperature  parameter,  g,  vs.  mean 

molecular  energy  or  mean  number  of  CO-  laser 

^ -1 

photons  absorbed  per  molecule.  (<1>  = 944.2cm  ) 
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FIGURE  8 — Biacetyl  luminescence  decay  tines  vs.  inverse 
temperature  parameter,  or  mean  number 
of  <X>2  laser  photons  absorbed  per  molecule. 

(<1>  = 944.2cm--*-) . The  solid  point  in  the 
upper  left-hand  comer  is  the  unperturbed  decay 
tine  of  triplet  biacetyl. ^ Circles  represent 
experimental  points. 

Equation  (15) 

9 -1 

Equation  (26) , k = 1 x 10  sec 


8 “1 

Equation  (26) , k = 1 x 10  sec 
Equation  (26) , k = 2 x 10 ^ sec 
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FIGURE  9 — Fluorescence  emission  amplitude  vs.  inverse  temperature 


parameter,  6,  or  mean  number  of  CC>2  laser  photons 
absorbed  per  molecule.  (<1>  = 944.2).  Solid  line 
is  e“®EST. 
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failure  of  the  Haarhoff  formula  to  accurately  predict  the  density 
of  vibrational  states  at  very  lew  vibrational  energies. 

(4)  The  predicted  relative  fluorescence  signal 
amplitudes  are  calculated  fran  equation  (16)  which  predicts  an 
exponential  temperature  dependence  for  A . As  shown  in  Figure  9 the 

r 

observed  and  predicted  amplitudes  are  in  close  agreenent. 

An  explanation  of  the  deviation  between  the 
experimental  and  predicted  decay  times  (Figure  8)  at  excitations 
greater  than  <n>  = 3 lies  in  the  deviation  of  the  vibrational 
populations  fran  a purely  thermal  distribution.  The  validity  of 
equation  (13)  requires  an  infinitely  fast  coupling  between  the 
ground-state  molecules  and  the  excited  triplets.  Since  the  rate  of 
this  coupling  is  finite,  the  equation  of  motion  of  excited  vibronic 
populations  should  be  described  in  terms  of  a caplicated  master 
equation  which  takes  all  of  the  relaxation  times  into  account.  A 
simplified  model,  giving  a qualitative  explanation  of  these  effects, 
will  be  presented  instead. 

We  begin  by  rewriting  Equation  (13)  as 

^fiT"  = "Yn(E)  n(E)  " k n(E)  + | N pn(E)  e_6E  (20) 

The  last  two  terms  in  equation  (20)  represent  the  interaction 
between  the  electronically  excited  levels  and  the  bath.  The  term 
k n(E)  gives  the  dissipation  rate  of  an  electronically  excited 
molecule  with  vibrational  energy  E into  all  other  vibronic  levels 
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through  processes  of  the  type: 

k 

BA*(E)  + BA  -*  BA*  (E ' ) + BA  (21) 

where  BA  and  BA*  represent  ground  and  electronically  excited 
molecules  respectively.  In  order  to  simplify  the  model  it  is  assumed 
that  k is  independent  of  E,  E'  and  the  vibrational  energy  of  the 
ground  state  molecule.  Triplet-triplet  energy  transfer  processes 
are  neglected.  The  last  term  of  equation  (20)  represents  the  filling 
of  the  level  E f ran  all  other  vibrational  levels  E ' . This  rate 
equation  (equation  (20))  reduces  to  the  correct  thermal  equilibrium 

expression  in  the  absence  of  the  loss  term  y (E)  n (E) . When  n (E) 

— ” 6E 

reaches  its  thermal  equilibrium  value,  N Z pn(E)  e , the  sum  of 
the  last  two  terms  in  equation  (20)  becomes  zero  and  equation  (13) 
is  recovered. 

The  excited  vibronic  level  decay  kinetics  can  be 
discussed  in  two  limiting  cases. 

(a)  yn(E)  <<  k.  In  this  limit  n(E)  retains  its 
thermal  equilibrium  value  given  by  equation  (13) . 

(b)  y(E)  » k.  In  this  limit  the  vibrationally 
excited  molecules  decay  faster  than  they  can  be  replenished  and 
the  rate  of  disappearance  of  the  electronically  excited  population 
is  determined  by  the  slowest  process  taking  place,  which  is  the 
filling  rate.  Using  the  steady  state  approximation  in  equation  (20) 
results  in  the  following  expression  for  n (E) : 

n<E)  * -ZTW  pn(E)  e'BE  l22) 

n 
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An  approximate  solution  for  the  set  of  equations  (20) 
can  be  described  in  the  following  way.  We  define  an  effective 
energy  such  that 

VEe£f>  - k (23) 

and  divide  the  entire  energy  range  into  two  regions.  In  region  (a) 

E < E and  n(E)  is  determined  by  equation  (13) . In  region  (b) 
eft 

E > E^^  and  n(E)  is  determined  by  equation  (20)  . The  rate  equation 
for  the  entire  electronically  excited  population  becomes 


dN  _ _d_ 
dt  dt 


fOO 

Eeff 

n(E)dt  = - 

Y (E)nrt(E)dE  - 
n 

o 

o 

r°° 


Yn(E)n(E)dE 


Jeff 


(24) 


Hie  basis  of  this  approximation  is  the  substitution  of  n (E)  fran 
equation  (11)  and  nb(E)  from  equation  (22)  in  the  first  and  second 
integrals  of  equation  (24) , respectively.  As  a resultr  equations  (14) 


and  (15)  are  modified  to  give, 


dN 

dt 


= - <y>'N 


<Y>'  = z 


Jeff 


Yn(E)pn(E)e"ffidE  + k 


p (E)e_eEdE 


Jeff 


(25) 


(26) 


This  approximation  is  equivalent  to  the  model  shown 
schematically  in  Figure  10.  T and  G represent  the  electronically 
excited  and  ground  states,  respectively.  T&  and  Tb  are  the 
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vibronically  excited  molecules  in  region  (a)  and  (b) , respectively. 
Assuming  that  most  of  the  vibronically  excited  population  is  in 
region  (a) , it  follows  that  this  population  decays  through  two 
parallel  channels.  The  first  of  these  channels  is  the  intramolecular 
decay  and  the  second  involves  thermal  excitation  to  region  (b) . The 
fast  intramolecular  decay  rate  characterizing  region  (b)  prevents  a revers- 
ible thermal  deactivation  to  region  (a) . As  mentioned  above,  a 
necessary  condition  for  equation  (24)  to  be  valid  is  that  the 
population  of  vibronically  excited  molecules  in  region  (b)  is  small, 
or. 


Jeff 


— 

Pn(E)e  dE  » 


ST7eT  Pn(E)e'BEdE 


(27) 


“eff 


By  using  the  same  arguments  it  can  be  shewn  that  the 
expression  (16)  for  the  fluorescence  intensity  should  be  modified 
to  be. 


It- 


(28) 


where  the  correction  factor  f ( b)  is  given  by 


f(B)  = 


Jeff 


Pn(E)  e_eEdE 


p (E)  e_6E  dE 
Kn 


(29) 


o 


r f 


' 


if 


Only  thermally  distributed  molecules  in  region  (a)  contribute  to  the 
fluorescence  intensity.  Molecules  excited  to  region  (b)  decay 
radiationlessly  before  they  can  emit  a photon. 


The  decay  curves  corresponding  to  various  values  of  k 

are  plotted  in  Figure  8.  The  deviations  of  the  experimental  results 

frcm  the  solid  curve  at  high  fluences  are  qualitatively  explained. 

The  experimental  data  is  best  represented  by  a curve  corresponding  to 

7 -1 

k = 2x10  sec  which  corresponds  to  an  inverse  relaxation  rate, 

(PT)  1 = 4xl06  sec  1 Torr-1.  This  value  is  reasonable  for  the 

resonant  transfer  between  the  ground  and  excited  vibronic  states. 

Fran  this  treatment  one  would  expect  that  for  high  CC^  laser  fluences 

the  observed  decay  times  would  decrease  if  the  biacetyl  pressure  were 

increased  while  keeping  all  other  conditions  (i.e.  CC>2  laser  fluence)  the 

same.  This  effect  was  qualitatively  observed  when  biacetyl  pressure 

was  increased  frcm  5 to  10  Torr. 

The  dependence  of  the  amplitude  of  the  fluorescence 

signal  on  the  temperature  is  deduced  frcm  equation  (16)  or  (28) . In 
-3E 

Figure  9 e is  plotted  versus  6 and  compared  with  the  normalized 
experimental  results.  Since  the  correction  due  to  f(B)  in  equation 
(28)  is  always  less  than  5%, it  was  neglected. 

C.  Effects  of  Added  Buffer  Gases 

A qualitative  study  of  buffer  gas  effects  has  been 
carried  out.  Mdition  of  nonabsorbing  gas  to  the  biacetyl  sample 
should  result  in  decreasing  the  vibrational  temperature  of  the 
biacetyl  molecules  due  to  the  heat  capacity  of  the  buffer  gas.  This 


i 
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has  been  confirmed  for  biacetyl  mixtures  with  argon  or  ethane. 

Addition  of  5 Torr  of  ethane  to  5 Torr  of  biacetyl  results  in  a 
large  increase  in  decay  time.  For  instance,  a decay  time  of  2 ysec 
was  increased  to  20  ysec.  At  the  same  002  laser  fluence  about  60 
Torr  of  argon  is  required  to  produce  the  same  effect.  Quantitative 
calculation  should  take  into  account  the  increased  absorption  of 
biacetyl-buffer  gas  mixtures  with  respect  to  pure  biacetyl  at  the 
same  partied  pressure.  For  example,  the  addition  of  100  Torr  of  argon 
to  10  Torr  of  biacetyl  results  in  a 100%  increase  in  absorption. 


I 
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V.  C.  .USIONS 

In  this  work  we  have  shewn  that  vibrational  excitation 

of  metastable  triplet  biacetyl  molecules  leads  to  changes  in 

luminescence  lifetimes  and  yields  which  are  in  complete  agreement  with 

current  theories  of  radiationless  processes.  Furthermore,  we  have 

shewn  that  vibrational  excitation  of  triplet  molecules  produces  the 

same  luminescence  features  as  vibrational  excitation  of  singlet  state 
12 

molecules.  The  end  result  of  the  two  excitation  methods  is 

essentially  equivalent.  The  vibrational  energy  distributions 

characteristic  of  the  molecules  taking  part  in  these  processes  are 

best  described  as  nearly  thermal.  Similar  results  could  be  expected 

for  other  "intermediate  case"  molecules. 

In  the  past  few  years,  multiple-photon  absorption  of 

intense  0C>2  laser  pulses  and  the  subsequent  dissociation  of  polyatomic 

37 

molecules  has  been  the  subject  of  numerous  investigations.  The 

primary  diagnostic  for  such  processes  is,  in  general,  the  dissociation 

38 

yield  of  the  laser  induced  reaction.  Occasionally  the  luminescence, 

39  40 

mass,  or  translational  energy  spectrum  of  the  products  is 
observed.  Very  few  methods  are  available  which  are  directly 
sensitive  to  the  distribution  of  vibrational  energy  in  the  laser- 
excited  molecule.  The  technique  described  here,  when  applicable, 
offers  a convenient  and  sensitive  probe  for  such  vibrational  energy 
distributions. 
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VI.  APPENDICES 

A.  Variable  Delay  Unit 

In  order  to  trigger  the  <X>2  laser  at  a controlled  delay 
following  the  mechanical  shut-off  of  the  visible  laser  beam  a variable 
delay  unit  was  constructed.  A schematic  diagram  of  this  circuit  is 
shewn  in  Figure  11. 

The  operation  of  this  unit  is  as  follows.  A small 
portion  of  the  visible  laser  beam  is  reflected  frem  a glass  lens 
behind  the  chopper  blade  and  focussed  onto  a phototransistor  (A) . 

When  the  chopper  cuts  off  the  light  the  bias  of  the  phototransistor 
is  changed.  The  unit  responds  by  putting  out  a pulse  at  its  output 
(B) . The  pulse  is  approximately  +10v  in  amplitude  (50ft  load)  and 
.5  msec  in  duration.  The  pulse  repetition  rate  is  controlled  by  a 
potentiometer  (C)  and  can  be  varied  frem  .3  to  2 Hz  independently  of 
the  chopping  frequency. 

The  delay  portion  of  the  circuit,  activated  by  a 
toggle  switch  (D) , permits  the  addition  of  a controlled  delay  between 
the  shut-off  of  the  visible  laser  and  the  output  pulse.  The  minimum 
(jelay  time  of  the  circuit  (with  switch  (D)  closed)  is  1.6  usee.  When 
the  delay  portion  of  the  circuit  is  connnected  in  (switch  (D)  open) 
delays  of  between  12  usee  and  150  ysec  can  be  obtained  by  varying 
the  capacitance  (E)  and  resistance  (F)  of  the  circuit.  Addition  of 
an  auxiliary  1 yF  capacitor  (G)  permits  selection  of  delays  between 
200  and  320  ysec.  Longer  delays  have  been  achieved  by  putting  the 
output  of  the  variable  delay  unit  into  a General  Radio  1340  pulse 


v>  "Hill 


66 


l 

t 


generator . Precise  calibration  of  the  delays  achieved  by  the 
variable  delay  unit  is  easily  accomplished  by  monitoring  the  photo- 
transistor response  and  the  unit  output  on  a dual-beam  oscilloscope. 
B.  Density  of  States  Calculation 

In  this  work  vibrational  level  densities  were 

35 

calculated  with  the  Haarhoff  formula.  This  formula  is. 


N(V  = 


TTS 


(1  - 1/12  s) 1 
h<v><l  + N> 


JTl  + l-2N)  (1  + 2/N)l^JS[l  - 1/(1+N)  *J 


to 


where  NCE^)  is  the  vibrational  density  of  states,  s is  the  number  of 
normal  modes  (30  in  the  case  of  biacetyl)  and  the  following 
definitions  are  made, 
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For  the  ground  state  the  normal  mode  frequencies  suggested  by 
van  der  Werf  et  al.12  were  used.  These  are:  2926,  2930,  2978,  2990, 
3011,  and  3018  (CH  stretch);  1353,  1366,  1421,  1424,  1400,  and  1400 
(CH3  defoliations) ; 1111,  1274,  1052,  and  1218  (CH3  rocking);  257, 
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369,  534,  and  685  (in-plane  skeletal  bend);  1718,  1719,  1004,  927, 
and  927  (in-plane  skeletal  stretch);  399  and  538  (out-of -plane 
skeletal  deformations) ; 48  (central  C-C  torsion) ; 150  and  150  (CH3 
torsions) . 

Only  little  is  known  about  the  normal  mode  frequencies 
in  both  excited  states.  As  suggested  by  van  der  Werf  et  al.12  it 
was  assumed  that,  in  analogy  to  glyoxal,  the  only  important  frequency 
change  occurs  in  the  C-C  torsional  mode,  a frequency  increase  by  a 
factor  of  1.8.  Thus,  neglecting  the  constant  terms  (which  always 
cancelled  out  in  our  treatment)  the  ground  and  excited  state 
densities  of  states  were  essentially  the  same. 

C.  Joulemeter  Resurfacing 

Pyroelectric  energy  meters,  such  as  the  Gentec  ed-200 
Joulemeter  used  in  this  experiment,  rely  on  a layer  of  absorbing 
material  on  the  detector  head  to  provide  rapid  and  uniform  transfer 
of  the  incident  radiant  energy  to  the  pyroelectric  crystal.  Prolonged 
usage  or  exceeding  the  maximum  recommended  incident  energy  ( . 5 joules 
per  square  centimeter  in  the  case  of  the  Gentec  ED-200)  with  short, 
high  peak  power  pulses  can  lead  to  a gradual  deterioration  of  the 
detector  surface.  This  is  evidenced  by  the  aj  ^earance  (in  the  case 
of  the  ED-200)  of  grey  areas  on  the  detector  head  as  the  black 
absorbing  coating  is  worn  off.  Such  deterioration  changes  the 
responsivity  of  the  detector,  and  recoating  of  the  detector  surface 
followed  by  recalibration  is  necessary.  Most  manufacturers  (including 
Gentec)  recommend  factory  servicing.  However,  when  time  is  a factor 


detector  resurfacing  can  be  accomplished  in  the  laboratory  with  good 
results.  The  following  procedure  was  developed  to  resurface  a Gen tec 
ED-200  joulemeter.  This  procedure  provides  a detector  surface  which 
will  hold  up  well  for  maximum  energy  densities  of  .5  Joules  per  square 
centimeter.  For  very  low  energy  densities  any  absorbing  coating  such 
as  Krylon  flat  black  paint  works  well. 

The  procedure  is  as  follows: 

(1)  Clean  the  detector  surface  by  sanding  lightly 
and  wiping  with  a cloth  soaked  in  a solvent  such  as  acetone.  Remove 
the  existing  black  coating  leaving  a uniform  surface. 

(2)  Check  to  see  if  the  thin  metallic  layer  which 
lies  beneath  the  black  absorbing  coating  is  damaged.  Damage  is 
evidenced  by  a nonuniform  coloring  of  the  detector  head.  If  the 
metallic  layer  is  damaged  cover  the  detector  surface  with  a thin, 
uniform  layer  of  silver  print  conducting  paint  (available  from  G.C. 
Electronics) . Dry  detector  surface  under  a heat  lamp  for  1 hour. 

(3)  Paint  over  the  silver  print  with  a thin,  uniform 
layer  of  printers  ink  (Speedball,  oil-based  works  well) . Thin  the 
ink  with  acetone  and  apply  with  a small  brush.  Dry  for  36  hours 
under  a heat  lamp. 

(4)  Recalibrate  detector  using  either  a radiation 
source  of  known  intensity  or  by  comparison  with  another  calibrated 
detector. 
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